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(57) ABSTRACT

A system and method for controlling an exhaust gas recircu-
lation valve during transient cycles of engine operation to
improve fuel consumption efficiency. The system and method
includes first determining a flow rate of total mass out of the
intake manifold of the combustion engine and the current
mass fraction of exhaust gas in the intake manifold of the
combustion engine, calculating a mass flow rate for exhaust
gas into the intake manifold that is based on the flow rate of
total mass out of the intake manifold and the current mass
fraction of exhaust gas in the intake manifold, and actuating a
control valve to a position based on the calculated mass flow
rate for exhaust gas into the intake manifold.
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1
EXHAUST GAS RECIRCULATION CONTROL
METHOD AND SYSTEM

FIELD

The present disclosure relates to a control system and
method for exhaust gas recirculation and, more particularly,
to a system and method for controlling an exhaust gas recir-
culation valve during transient cycles of engine operation to
improve fuel consumption efficiency.

BACKGROUND

Traditionally, many internal combustion engines are typi-
cally provided with an exhaust gas recirculation (“EGR”)
system to recirculate a portion of the exhaust gas to an intake
passage to control the emission and suppress the generation
of NO, by lowering maximum combustion temperature and
to improve fuel consumption by reducing pumping loss. In
such EGR systems, a recirculation control valve for control-
ling the flow of the recirculation exhaust gas is typically
positioned at or near the cylinder head of the internal com-
bustion engine. Moreover, a recirculation exhaust gas inlet
through which part of the exhaust gas flowing through an
exhaust passage is extracted is formed in an exhaust manifold
or an exhaust pipe of the engine.

Recently, in some engine designs, cooled EGR can be used
to increase the fuel efficiency since the addition of cooled
EGR substantially reduces the knock tendency of the engine,
resulting in a potential to increase the engine compression
ratio and an opportunity to improve combustion phasing and
combustion cycle efficiency. Combining advanced combus-
tion phasing with increased specific heat of the fuel-air mix
results in a substantial decrease in combustion temperatures
which reduces the need for a rich mixture at even the highest
power levels.

A block diagram of an exemplary EGR system is shown in
FIG. 1 (prior art). As shown, the EGR system includes a
four-cycle engine 1 for automobiles, powered by the combus-
tion of a gas mixture comprising fuel and air. Specifically, an
intake pipe line 2 (i.e., an intake runner) is connected to the
engine 1 and provided to supply air to the engine 1. Moreover,
an intake manifold 10 is provided from which the intake pipe
line 2 extends. As known to those skilled in the art, the intake
manifold 10 receives air from the outside that is filtered by an
air cleaner 3 (e.g., an air filter) to remove dust contained in the
outside air as well as for feeding air to the intake line 2 via the
intake manifold 10. Furthermore, a throttle valve 5 is pro-
vided for regulating the amount of air that is fed into the intake
manifold 10 and a fuel injector 4 is provided on the intake line
2 for injecting fuel including gasoline into the engine 1.
Alternatively, the engine 1 can have a fuel injector 4' located
at a position where fuel is injected directly to the combustion
chamber or sub-combustion chamber. Further, an exhaust
pipe line 6 is connected to the engine 1 to expel the exhaust
gas generated by combustion in the engine 1, and a purifying
apparatus 7 (e.g., a catalytic converter) is positioned at the
opposing end of the exhaust line 6 to purify the exhaust gas
before it is forced out of the tailpipe (not shown).

As further shown, engine 1 includes a combustion chamber
1a, an intake valve 15 for closing communication between the
intake line 2 and the combustion chamber 1a, an exhaust-gas
valve 1¢ for closing communication between the exhaust pipe
line 6 and the combustion chamber 1a, and a piston 14 which
moves vertically in the combustion chamber 1a during opera-
tion. The operation of engine 1 is known to those skilled in the
art and will not be repeated herein. It should also be appreci-
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2

ated that while only one engine cylinder is shown, the engine
configuration contemplated herein is for a four cylinder
engine, V6 engine, V8 engine or the like and that the single
cylinder is shown in FIG. 1 only for illustrative purposes.

The EGR components of the system include an EGR valve
8, an exhaust gas intake pipe line 15, an EGR pipe line 16 and
a control unit 18. The exhaust gas intake pipe line 15 extends
from the exhaust line 6 and is provided to transfer the exhaust
gas to the EGR pipe line 16 to recirculate the exhaust gas to
the intake manifold 10. Further the control unit 18 is provided
to control the EGR valve 8 by outputting a control signal in
response to the running state of the engine. Such controls can
typically be based on engine operation conditions, including
the temperature of engine coolant, the number of engine
rotations and the degree of opening the injector (amount of
fuel injection). Once the EGR valve is opened (or its posi-
tioned is changed) in response to the control signal, exhaust
gas flows into the EGR pipe line 16 and returns to the engine
combustion chamber 1a through the intake manifold 10 and
the intake line 2. Consequently, combustion in the automobile
four-cycle engine 1 is suppressed by the amount of non-
flammable exhaust gas returned to the combustion chamber
1a. As discussed above, some designs include an EGR cooler
17 that can be provided on exhaust gas intake pipe line 15 to
cool the exhaust gas before it is introduced into the intake
manifold 10.

In conventional EGR systems, assuming an instantaneous
responsive EGR valve, the EGR mass flow rate into the intake
manifold 10 equals the total mass flow rate out of the intake
manifold 10 into the engine 1 multiplied by the desired mass
fraction in the intake manifold. The EGR mass flow rate can
be mathematically described by equation (1) as follows:

=X o Mo

M

where,

h,, is the EGR mass flow rate into the intake manifold;

1, is the total mass flow rate out of the intake manifold and

into the engine cylinder; and

X ;. 1s the desired EGR mass fraction in the intake mani-

fold.

The desired EGR mass fraction X, is a variable value that
is determined by the engine manufacturer to maximize fuel
consumption efficiency based on operating conditions. In
order to achieve the desired EGR mass fraction X, , the EGR
control valve is electronically actuated by the control unit 18
to varying predefined positions to control the amount of
exhaust gas that is recirculated back into the intake manifold
10 via the EGR pipe line 16. The position of the EGR control
valve will vary depending on engine operating conditions as
discussed above and as would be known to those skilled in the
art.

Once the EGR control valve is actuated to a defined posi-
tion and the exhaust gas is introduced into the intake manifold
10, the amount of exhaust gas (i.e., EGR mass) in the intake
manifold 10 increases or decreases in proportion to the
amount of air being introduced through the intake lines. The
current EGR mass fraction in the intake manifold can be
represented by equation (2) as follows:

Keom —0 @
my, +mg
where,
X, 1s the current EGR mass fraction in the intake mani-
fold;

m, is the current EGR mass in the intake manifold; and
m,, is the current mass of air in the intake manifold.
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Based on the foregoing, it should be appreciated that the
EGR mass flow out of the intake manifold 1 , is the current
EGR mass fraction X, multiplied by the total mass flow rate
h,,,. This result can be represented by equation (3) as follows:

L o ®
where,
,, is the current EGR mass flow rate out of the intake
manifold;
h,, is the total mass flow rate out of the intake manifold;
and
X_. isthe current EGR mass fraction in the intake manifold.
When the engine is operating at a steady state, the current
EGR mass fraction X_, will equal the desired EGR mass
fraction X ;, because the EGR flow rate into the intake mani-
fold rh,, will be constant and equal to the EGR flow rate out of
the intake manifold rh,.. However, during a transient cycle of
the engine, for example when the engine load is increasing or
decreasing during engine acceleration or deceleration, the
EGR flow rate will be changing in response to a change in the
throttle position. Generally, the rate of change of EGR mass in
the intake manifold can be represented by equation (4) as
follows:

Aiegr
di

)

= Myje — Mige

This equation is defined by the EGR mass flow rate out of the
intake manifold rh,, subtracted from the EGR mass flow rate
into the intake manifold r,, . Thus, during engine accelera-
tion, the throttle is open, which results in an increase in the
mass flow rate out of the intake manifold 1, and, therefore,
a higher EGR mass flow rate into the intake manifold 1,,.
Alternatively, during engine deceleration, the throttle is
closed, which effectively decreases the total mass flow rate
out of the intake manifold i, leading to a lower EGR mass
flow rate into the intake manifold 1h,,.

Next, the rate of change of EGR mass in the intake mani-
fold can further be represented in terms of desired EGR mass
fraction X ,, and actual EGR mass fraction X __ by substituting
the foregoing equations (1) and (3) into equation (4) to derive
the following equation:

®

dm
—57 = (Xae = Xee) ey

where,
X . 1s the desired EGR mass fraction in the intake mani-
fold;
X_. 1s the current EGR mass fraction in the intake mani-
fold;
1, is the total mass flow rate out of the intake manifold;
and

Ay
dt

is the current rate of change of EGR mass in the intake
manifold.

As discussed above, when the engine is operating in a
transient state, for example when the engine is accelerating or
decelerating, engine manufacturers typically design engines
to increase or decrease EGR flow to maximize fuel consump-
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tion efficiency. For example, as shown in FIG. 2 (prior art), at
approximately the 17 second mark, the engine switches from
a low load to a high load (i.e., engine acceleration), and the
desired EGR flow rate EGR_des is designed to increase from
slightly under 20 g/s to 40 g/s. As noted above, this is done by
adjusting the position of the EGR control valve to increase the
EGR flow rate into the intake manifold 10. Moreover, at
approximately the 70 second mark as shown in FIG. 2, the
engine load switches to a low load (i.e., engine deceleration)
and the desired EGR flow rate EGR_des decreases to the
original rate accordingly.

Although the change in desired EGR flow rate EGR_des is
almost instantaneous, in actual operation in conventional
EGR systems, there is a substantial delay in the actual EGR
flow rate EGR_act from reaching the maximum desired rate
01’40 g/s. This delay is also shown in FIG. 2 and is a result of
the transport delay. In other words, although the EGR control
valve opens instantaneously (or close to instantaneously) in
response to the change in engine load, the amount of exhaust
gas that is actually in the intake manifold 10 at that time is
relatively low. Therefore, there is an inherent delay before
exhaust gas is expelled into the intake pipeline 2 from the
intake manifold 10 because it takes a given amount of time or
number of engine cycles before the intake manifold 10 is
filled with exhaust gas from EGR pipe line 16 and, thus,
exhaust gas is also transferred from the intake manifold 10
into the engine 1. The delay is represented in FIG. 2 as shown
for the actual EGR flow rate EGR _act. Moreover, it should be
appreciated that the change in EGR mass in the intake mani-
fold dm/dt is indirectly proportional to the derivative of the
actual EGR flow rate EGR_act. Therefore, as the actual EGR
flow rate EGR_act reaches its desired rate of 40 g/s, the
change in EGR mass dm/dt reaches zero. Furthermore, at
approximately the 70 second mark when the engine load
switches back to a low load during engine deceleration, the
change of rate of EGR mass in the intake manifold will be a
negative value, before slowly returning to a zero value.

Itis further understood to those skilled in the art that during
operation of conventional internal combustion engines, and
specifically after the exhaust stroke of the combustion cycle,
that residual gases (containing combustion products and
nitrogen) generally remain in the cylinder. Residual gas
affects the engine combustion processes (and therefore emis-
sions and performance) through its influence on charge mass,
temperature and dilution.

In conventional EGR systems, the amount of excess
residual gas that collects in the cylinder during a transient
cycle of engine operation often increases above stable limits
for combustion. For example, as shown in FIG. 3 (prior art),
when the engine is operating at a high load with high intake
pressure, the amount of residual gas that collects in the cyl-
inder is relatively low because the high intake pressure forces
the residual gas through the exhaust port during valve overlap
of the exhaust stroke. Once the vehicle decelerates (i.e.,
decreased engine load), the intake pressure also decreases. As
aresult of this pressure drop, the concentration of residual gas
in the cylinder increases dramatically and quickly. At the
same time, the decrease in engine load, which is achieved by
closing the throttle valve, also results in a reduction in the
EGR flow to the intake manifold 10. However, because the
intake manifold 10 is relatively full of exhaust gas at that time,
there is a delay before the EGR out of the intake manifold 10
and into the combustion chamber of the engine is realized due
to the transport delay discussed above with respect to FIG. 2.
Effectively, the concentration of EGR into the cylinder
decreases at a rate slower than the concurrent spike in the
concentration of residual gas in the cylinder. The combination
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of EGR and residual gas in the cylinder (i.e., the burned gas)
peaks above a stable limit for combustion resulting in opera-
tion condition problems, such as engine misfire. Accordingly,
what is needed is an EGR control system and method that
reduces transient delays for EGR flow rates caused by change
in engine operating conditions.

SUMMARY

In one form, the present disclosure provides a system and
method for controlling an exhaust gas recirculation valve
during transient cycles of engine operation. More particu-
larly, the method comprises determining a total mass flow rate
out of the intake manifold and the current mass fraction of
exhaust gas in the intake manifold, calculating a mass flow
rate for exhaust gas into the intake manifold that is based on
the flow rate of total mass out of the intake manifold and the
current mass fraction of exhaust gas in the intake manifold,
and actuating a control valve to a position based on the cal-
culated mass flow rate for exhaust gas into the intake mani-
fold. By implementing the foregoing, the control system and
method is able to achieve an actual EGR flow rate during
transient cycles of engine operation that closely resembles the
desired EGR flow rate that the prior art EGR systems have
failed to realize.

Further areas of applicability of the present disclosure will
become apparent from the detailed description and claims
provided hereinafter. It should be understood that the detailed
description, including disclosed embodiments and drawings,
are merely exemplary in nature intended for purposes of
illustration only and are not intended to limit the scope of the
invention, its application or use. Thus, variations that do not
depart from the gist of the invention are intended to be within
the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing an example of a con-
ventional exhaust gas recirculation system;

FIG. 2 is a graph illustrating desired and actual EGR flow
rates for a conventional exhaust gas recirculation system dur-
ing transient cycles of engine operation;

FIG. 3 is a graph illustrating residual gas spikes that occur
during transient cycles of engine operation of prior art EGR
systems;

FIG. 4 is a graph illustrating a desired flow rate and the
actual EGR flow rate achieved in accordance with an exem-
plary embodiment of the present invention; and

FIG. 5 illustrates a flowchart for EGR transient control
method in accordance with an exemplary embodiment of the
present invention.

DETAILED DESCRIPTION

The control system and method disclosed herein are
designed to improve EGR control during the transient cycle
of'engine operation by adjusting the EGR control valve based
onthe desired EGR flow rate EGR_des and the rate of change
of EGR mass

Ay,
dr

As shown in FIG. 2 and discussed above, there is a delay
before the actual EGR flow rate EGR_act reaches the desired
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6

EGR flow rate EGR_des during transient cycles of engine
operation. Moreover, the rate of change of EGR mass dm/dtis
indirectly proportional to the actual EGR flow rate EGR_act
in the prior art systems. Therefore, the control system and
method of the present invention disclosed herein contem-
plates determining a desired EGR mass flow rate i, into the
intake manifold by combining the desired EGR flow rate
EGR_des with the change in EGR flow rate dm/dt.

As shown in FIG. 4, the modified desired EGR flow rate
EGR_des_mod is modeled based on combining the desired
EGR flow rate EGR_des (which is predetermined by the
engine manufacturer) with the rate of change of EGR mass
dm/dt. As shown, the actual EGR flow rate achieved by modi-
fying the desired EGR flow rate EGR_des with the rate of
change of EGR mass dm/dt achieves an actual EGR flow rate
EGR_act that substantially mirrors the desired EGR flow rate
EGR_des of the prior art systems and shown in FIG. 2.

The calculation for determining the desired EGR mass flow
rate rh,, of the current control system and method can be
representing by the following equation:

Ay

©

Mge = K- + Xie Mot

where,
K, is an EGR transient coefficient;

Aiegr
dt

is the rate of change of EGR mass in the intake manifold; and

X s, is the EGR mass flow rate into the intake manifold.

The EGR transient coefficient K, (i.e., a calibration con-
stant) is determined during development and calibration of
the engine and is selected to tune how quickly or slowly the
desired EGR flow rate should be met. It should be appreciated
that the EGR transient coefficient K, (which is a constant
value) is only effective during transient cycles of engine
operation because the EGR mass flow rate will be changing
and, therefore, the rate of change of EGR mass

Ay
dt

is a positive or negative value. Alternatively, in a steady state
of engine operation, the current rate of change of EGR mass

Aiegr
dt

will have a zero value and the EGR transient coefficient K,
will not affect the desired EGR mass flow rate rh ..
Furthermore, by substituting equation (5) into equation (6)
for the desired required EGR mass flow rate 1, and solving
the equation, it should be appreciated that the desired EGR
mass flow rate rh;, can also be represented by the following
equation (7):
1= { (K1) X Ko X o}t it g 20 M

Accordingly, based on the foregoing equations (6) or (7), the
desired EGR mass flow rate i, can be obtained during
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engine operation based on total mass flow rate out of the
intake manifold ri, and the current EGR mass fraction in the
intake manifold X, which can be estimated by the vehicles
computer or measured by a sensor in the intake manifold. As
noted above, X, is the desired EGR mass fraction in the
intake manifold, which is predetermined by the engine manu-
facturer and is, for example, typically 15%, but can be
between 0-40%. Moreover, K, is an EGR transient coefficient
(i.e., a calibration constant), preferably between a value of 0
and 1, but can be greater than 1 in certain embodiments.

Upon determining the desired EGR mass flow rate rh ,, the
EGR valve position can be determined by calculating the
required EGR valve discharge coefficient area (C ,A),, of the
EGR control valve opening necessary to obtain the desired
EGR mass flow rate ri1,,. Specifically, applying equation (8)
as follows, which determines the compressible flow through
the EGR control valve to achieve the desired EGR mass flow
rate, the product of the discharge coefficient and EGR flow
area (C,A),,, can be determined:

e = (C4A)ggr-

Py _(P; )7_ 2y
VRes Tewy Fet y-1

where,

P, is the exhaust pressure (upstream of the EGR control

valve);

P,,, is the intake pressure (downstream of the EGR control

valve);

R, 1s the exhaust gas constant;

T, 1s the exhaust temperature; and

y—is the ratio of specific heat.

Once the product of the discharge coefficient and EGR flow
area (C,A),,, is determined based on the desired EGR mass
flow rate r,, using equation (8), the control system and
method accesses a lookup table to determine the required
EGR valve position. Using the required EGR valve position,
the control system then electronically (or mechanically)
adjusts the position of the EGR control valve to achieve the
desired EGR mass flow rate 11, into the intake manifold.
Applying the foregoing, the position of the EGR control valve
can be continuously adjusted during the transient cycle of the
engine operation according to the foregoing equations to
achieve the desired mass flow rate 1, that causes the actual
EGR flow rate EGR_act to mirror the desired EGR flow rate
of the prior art systems, as illustrated by EGR_des in FIG. 2,
for example.

It should be appreciated that the processing components of
the foregoing control system and method are performed by a
conventional powertrain control module (“PCM”) or the like,
which includes an engine control system that is specially
programmed to control, inter alia, the EGR control valve
according to the foregoing features and instructions and,
more particularly, equations 6, 7 and/or 8. For example, the
lookup table to determine the EGR valve position will be
stored in the memory of the PCM and will be accessed during
the transient engine cycles. Once the required EGR valve
position is determined, the PCM will send appropriate elec-
tronic signals to the EGR control valve to actuate the valve to
the desired position to obtain the desired EGR mass flow rate
1. By implementing the foregoing, the control system and
method disclosed herein achieves an actual EGR flow rate
during transient cycles of engine operation that closely
resembles the desired EGR flow rate that conventional EGR
systems fail to realize. It should be generally understood that
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the mechanical features of the inventive EGR control system
and method disclosed herein are the same or similar to the
prior art systems, such as the EGR system depicted by the
block diagram and FIG. 1 and described above.

FIG. 5 illustrates a flowchart for EGR transient control
method in accordance with an exemplary embodiment of the
present invention. Initially, at step 510, a target mass fraction
of'exhaust gas X, for the intake manifold is accessed from an
electronic memory of the vehicles PCM. Next, at step 515, the
PCM determines a flow rate of total mass out of the intake
manifold mh,, in which the total mass preferably includes air
and exhaust gas. At step 520, the PCM estimates the current
mass fraction of exhaust gas X, in the intake manifold. Alter-
natively, the current mass fraction of exhaust gas X_, can
measured using an EGR sensor positioned in the intake mani-
fold. In either case, using this information, the PCM then
calculates the desired mass flow rate for exhaust gas 1, into
the intake manifold (step 525). As noted above, the desired
mass flow rate th;, can be calculated using equations (6) and
(7). As noted above, K, is an EGR transient coefficient that is
a calibration constant that is predetermined during develop-
ment of the engine and is selected to tune how quickly or
slowly the desired EGR flow rate should be met. Once the
desired mass flow rate rh;, is determined at step 525, a lookup
table is accessed by the PCM at step 530 to determine a
desired position of the EGR control valve to obtain the
desired mass flow rate . As noted above, this is done by
calculating the product of the discharge coefficient and EGR
flow area (C,A),,, from equation (8) and applying the value to
the lookup table. Finally, at step 535, the PCM sends a control
signal to the EGR control valve to set its position accordingly.
Based on this position, the control valve is able to regulate the
mass flow rate for exhaust gas into the intake manifold to
obtain the desired EGR flow rate EGR_des that the prior art
systems have failed to achieve. Finally, as shown in FIG. 5,
the process repeats itself continuously by measuring the vari-
ables of the system and adjusting the valve position accord-
ingly.

What is claimed is:

1. An exhaust gas recirculation method for an internal
combustion engine, the method comprising:

detecting, by a controller of the engine, a transient cycle of

the internal combustion engine; and

in response to detecting the transient cycle of the internal

combustion engine:

obtaining, by a controller of the engine, a target mass
fraction of exhaust gas in an intake manifold of the
internal combustion engine;

determining, by the controller, a total mass flow rate out
of the intake manifold, the total mass including at
least one of air and exhaust gas;

determining, by the controller, a current mass fraction of
exhaust gas in the intake manifold;

calculating, by the controller, a target mass flow rate for
exhaust gas into the intake manifold based on (i) a
transient coefficient, (ii) the flow rate of total mass out
of the intake manifold, (iii) the target mass fraction of
exhaust gas in the intake manifold, and (iv) the current
mass fraction of exhaust gas in the intake manifold;
and

actuating, by the controller, a control valve to a position
based on the calculated target mass flow rate for
exhaust gas into the intake manifold, wherein the
control valve is configured to regulate a mass flow rate
for exhaust gas into the intake manifold.

2. The exhaust gas recirculation method of claim 1,
wherein determining the current mass fraction of exhaust gas
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in the intake manifold further comprises measuring the cur-
rent mass fraction using a sensor in the intake manifold.

3. The exhaust gas recirculation method of claim 1,
wherein determining the current mass fraction of exhaust gas
in the intake manifold further comprises estimating the cur-
rent mass fraction.

4. The exhaust gas recirculation method of claim 1,
wherein the target mass flow rate for exhaust gas into the
intake manifold is calculated by the equation

dmeg

Mae = K, + Xae *Mor,

wherein,
K, is a calibration coefficient,

Ay
dt

is arate of change ofthe mass of exhaust gas in the intake
manifold,

X . 1s the target mass fraction of exhaust gas in the intake

manifold,

1h,, is the total mass flow rate mass out of the intake mani-

fold, and

the rate of change of the mass of exhaust gas in the intake

manifold is based on the current mass fraction of exhaust
gas in the intake manifold.

5. The exhaust gas recirculation method of claim 4, further
comprising defining, by the controller, the calibration coeffi-
cient K, during engine calibration.

6. The exhaust gas recirculation method of claim 4, further
comprising calculating, by the controller, a product ofa valve
discharge coeflicient and flow area (C,A),,, based on the
change in pressure across the control valve and the calculated
target mass flow rate for exhaust gas into the intake manifold
using the following equation:

1
1 y-1 5
. Pen Pnyy | 2y P70
Fide =(CdA)ggr-7-( ) D iy 1_( )
VRew Toenn Pen y-1 Pt
wherein,
P, 1s an exhaust pressure of the internal combustion
engine,

P,, is an intake pressure of the intake manifold,

R, 1s an exhaust gas constant,

T..; 1s an exhaust temperature, and

y—is a ratio of specific heat of the internal combustion
engine.

7. The exhaust gas recirculation method of claim 6,
wherein actuating the control valve further comprises access-
ing a lookup table based on the product of a valve discharge
coefficient and flow area (C,A),,, to determine the position of
the control valve.

8. The exhaust gas recirculation method of claim 1,
wherein the target mass flow rate for exhaust gas into the
intake manifold is calculated by the equation

1= { (K4 1) X Ko X o}t 1220
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wherein,

K, is a calibration coefficient,

X 4. 1s the target mass fraction of exhaust gas in the intake

manifold,

X_. 1s the current mass fraction of exhaust gas in the intake

manifold, and

h,, is the total mass flow rate out of the intake manifold.

9. The exhaust gas recirculation method of claim 8, further
comprising determining, by the controller, the calibration
coefficient K, during engine calibration.

10. The exhaust gas recirculation method of claim 8, fur-
ther comprising calculating, by the controller, the product of
a valve discharge coefficient and flow area (C,A),,, based on
the calculated target mass flow rate for exhaust gas into the
intake manifold using the following equation:

1 N
) Pen Pnyy | 2y P \7
= ey L (P [ 20 (P
VRt Togy “Fexn y-1 Pexn
wherein,
P, 1s an exhaust pressure of the internal combustion
engine,

P,, is an intake pressure of the intake manifold,

R, s an exhaust gas constant,

T,.; 1s an exhaust temperature, and

y—is a ratio of specific heat of the internal combustion
engine.
11. The exhaust gas recirculation method of claim 10,
wherein actuating the control valve further comprises access-
ing a lookup table and applying the product of a valve dis-
charge coefficient and flow area (C,A),,, to determine the
position of the control valve.
12. The exhaust gas recirculation method of claim 1,
wherein the target mass fraction of exhaust gas in the intake
manifold is between 0 and 40%.
13. The exhaust gas recirculation method of claim 1, fur-
ther comprising cooling, by an exhaust gas recirculation
(EGR) cooler, the exhaust gas.
14. An exhaust gas recirculation system for an internal
combustion engine, the exhaust gas recirculation system
comprising:
a memory configured to store a target mass fraction of
exhaust gas in an intake manifold of the internal com-
bustion engine; and
a control unit configured to detect a transient cycle of the
internal combustion engine and, in response to detecting
the transient cycle of the internal combustion engine:
obtain, from the memory, the target mass fraction of
exhaust gas in the intake manifold;

determine a total mass flow rate out of the intake mani-
fold, the total mass including at least one of air and
exhaust gas;

determine a current mass fraction of exhaust gas in the
intake manifold;

calculate a target mass flow rate for exhaust gas into the
intake manifold based on (i) a transient coefficient,
(i1) the flow rate of total mass out of the intake mani-
fold, (iii) the target mass fraction of exhaust gas in the
intake manifold, and (iv) the current mass fraction of
exhaust gas in the intake manifold; and

actuate a control valve to a position based on the calcu-
lated target mass flow rate for exhaust gas into the
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intake manifold, wherein the control valve is config-
ured to regulate a mass flow rate for exhaust gas into
the intake manifold.
15. The exhaust gas recirculation system of claim 14,
wherein the target mass flow rate for exhaust gas into the
intake manifold is calculated by the equation

dmeg

K,
dr

Mge = + Xae *Mor,

wherein,
K, is a calibration coefficient,

Ay,
dt

is arate of change ofthe mass of exhaust gas in the intake
manifold,

X . 1s the target mass fraction of exhaust gas in the intake
manifold,

1, is the total mass flow rate mass out of the intake mani-
fold, and

the rate of change of the mass of exhaust gas in the intake
manifold is based on the current mass fraction of exhaust
gas in the intake manifold.

16. The exhaust gas recirculation system of claim 15,
wherein the control unit is further configured to define the
calibration coefficient K, during engine calibration.

17. The exhaust gas recirculation system of claim 15,
wherein the control unit is further configured to calculate a
product of a valve discharge coefficient and flow area (C_A)
<z based on the change in pressure across the control valve
and the calculated target mass flow rate for exhaust gas into
the intake manifold using the following equation:
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wherein,
P,., is an exhaust pressure of the internal combustion
engine,

P,, is an intake pressure of the intake manifold,

R, 1s an exhaust gas constant,

T, 1s an exhaust temperature, and

y—is a ratio of specific heat of the internal combustion
engine.

18. The exhaust gas recirculation system of claim 17,
wherein the control unit is further configured to actuate the
control valve by accessing a lookup table based on the prod-
uct of a valve discharge coefficient and flow area (CA),,, to
determine the position of the control valve.

19. The exhaust gas recirculation method of claim 1,
wherein the transient cycle of the internal combustion engine
is indicative of an acceleration or deceleration event.

20. An exhaust gas recirculation (EGR) system for an
engine, the EGR system comprising:

an EGR valve configured to regulate an amount of exhaust

gas recirculated from cylinders of the engine back into
an intake manifold of the engine; and

a controller configured to:

detect a transient cycle of the engine, the transient cycle
of the engine being indicative of an acceleration or
deceleration event;
in response to detecting the transient cycle of the engine:
obtain current and target EGR mass fractions in the
intake manifold,
obtain an outflow rate of a gas mixture from the intake
manifold into the cylinders,
obtain an inflow rate of air and exhaust gas into the
intake manifold from an atmosphere and the cylin-
ders, respectively,
obtain a first target EGR flow rate into the intake
manifold based on the current and target EGR mass
fractions, the intake manifold inflow and outflow
rates, and an EGR transient coefficient that is cali-
brated for transient cycles of the engine, and
command the EGR valve to a first position based on
the first target EGR flow rate; and
when the transient cycle of the engine is not detected:
obtain a second target EGR flow rate based on the
target EGR mass fraction, and
command the EGR valve to a second position based
on the second target EGR flow rate.
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